Abstract. Advanced maternal age and in vitro embryo production (IVP) predispose to pregnancy loss in horses. We investigated whether mare age and IVP were associated with alterations in mitochondrial (mt) DNA copy number or function that could compromise oocyte and embryo development. Effects of mare age (,12 vs $12 years) on mtDNA copy number, ATP content and expression of genes involved in mitochondrial replication (mitochondrial transcription factor (TFAM ), mtDNA polymerase g subunit B (mtPOLB) and mitochondrial single-stranded DNA-binding protein (SSB)), energy production (ATP synthase-coupling factor 6, mitochondrial-like (ATP-synth_F6)) and oxygen free radical scavenging (glutathione peroxidase 3 (GPX3)) were investigated in oocytes before and after in vitro maturation (IVM), and in early embryos. Expression of TFAM, mtPOLB and ATP-synth-F6 declined after IVM (P , 0.05). However, maternal age did not affect oocyte ATP content or expression of genes involved in mitochondrial replication or function. Day 7 embryos from mares $12 years had fewer mtDNA copies (P ¼ 0.01) and lower mtDNA : total DNA ratios (P , 0.01) than embryos from younger mares, indicating an effect not simply due to lower cell number. Day 8 IVP embryos had similar mtDNA copy numbers to Day 7 in vivo embryos, but higher mtPOLB (P ¼ 0.013) and a tendency to reduced GPX3 expression (P ¼ 0.09). The lower mtDNA number in embryos from older mares may compromise development, but could be an effect rather than cause of developmental retardation. The general down-regulation of genes involved in mitochondrial replication and function after IVM may compromise resulting embryos.
Introduction
Mares selected for breeding based on their performance in sports other than flat-racing (e.g. show jumping, dressage, polo) are often of advanced age (8-16 years old) at the onset of their breeding career. Unfortunately, fertility also begins to decline from around 12-14 years of age, as indicated by lower pregnancy rates on Day 15 after ovulation and an increased incidence of pregnancy loss, particularly in the Day 15-42 period (Morel et al. 2005; Allen et al. 2007) . Embryo transfer (ET) is attractive because it enables sport and breeding to be combined and it can also help overcome one of the age-related contributors to reduced fertility, namely chronic endometrial fibrotic degeneration (Carnevale and Ginther 1992) . However, endometrial degeneration is probably not the primary contributor to the age-related decline in mare fertility. Embryos flushed from the oviducts of mares $20 years of age have been reported to undergo delayed cleavage and to contain fewer cells than those from younger mares (Carnevale and Ginther 1995) , analogous to the situation in older compared with younger women (Baird et al. 2005) . Combined with studies demonstrating that embryos from mares .18 years show lower survival rates than embryos from mares ,6 years after transfer to young recipients (Ball et al. 1989) , this indicates that the loss of developmental potential is intrinsic to the ovulated oocyte or arises during very early (intra-oviductal) embryo development. Further studies have clearly demonstrated that the principal contributor to the age-related decline in mare fertility is reduced oocyte quality, because oocytes from mares $15 years often exhibit morphological abnormalities associated with functional deficiencies that, in turn, contribute to a decrease in developmental competence (Carnevale and Ginther 1992; Carnevale 2008; Altermatt et al. 2012) .
Another way of producing offspring from mares with impaired fertility, or without interrupting their sporting career, is in vitro embryo production (IVP). Despite the relatively low per oocyte success rates (18%-36% of recovered oocytes develop into a transferable blastocyst; Hinrichs et al. 2005; Galli et al. 2007) , during the past 5 years IVP has become a commercially viable means of breeding horses. The increasing popularity of IVP despite the relatively high costs is explained by the number of transferable blastocysts per ovum pick-up (OPU) session (0.6-0.8; Galli et al. 2014) , which compares favourably with embryo flushing in the field. Moreover, OPU-IVP is applicable to mares incapable of producing embryos in the normal manner (e.g. due to severe damage to the uterus or oviducts or because they repeatedly fail to ovulate normally; Galli et al. 2007 ) and/or when stallion semen availability or fertility is limiting (Lazzari et al. 2002) .
In women, the principal symptom of the age-related reduction in oocyte quality is an increased risk of numerical chromosome abnormalities (aneuploidy) as a result of aberrant chromosome segregation (Franasiak et al. 2014) . One of the proposed underlying predispositions to aneuploidy and compromised developmental competence of oocytes and embryos from older women is mitochondrial dysfunction. Compromised mitochondrial function appears to stem from defective mitochondrial replication (leading to a fall in mitochondrial numbers), an increase in the incidence of mitochondrial (mt) DNA aberrations, such as point mutations and deletions, and increased production and release of reactive oxygen species (ROS); Takeuchi et al. 2005; Carnevale 2008; Fragouli et al. 2011) . The number of mitochondria in an oocyte can be estimated by analysis of mtDNA copy number because oocytes contain only one to two mtDNA copies per mitochondrion (Pikó and Matsumoto 1976; Pikó and Taylor 1987; Jansen 2000; Santos et al. 2006b; Jiao et al. 2007; Chiaratti and Meirelles 2010) . For successful early embryonic development, a species-specific minimum number of mitochondria appears to be required; for example, mouse oocytes are thought to require at least 50 000-200 000 mtDNA copies (Cao et al. 2007; Cree et al. 2008; Wai et al. 2008 Wai et al. , 2010 , whereas bovine, porcine and human oocytes have been reported to require between 100 000 and 700 000 mtDNA copies if they are to retain developmental competence (Steuerwald et al. 2000; Reynier et al. 2001; May-Panloup et al. 2005a; Almeida-Santos et al. 2006b; Spikings et al. 2007; Zeng et al. 2007 ). However, during early embryonic development, mtDNA replication is transiently arrested (St. John et al. 2010) and therefore the mtDNA copy number either remains constant (e.g. mouse and rat; Thundathil et al. 2005; Kameyama et al. 2007; Wai et al. 2010) or decreases over time (e.g. cow and pig; May-Panloup et al. 2005b; Spikings et al. 2007 ). Mitochondrial replication is not reinitiated until the blastocyst stage in the cow and pig (May-Panloup et al. 2005b; Spikings et al. 2007) or until gastrulation in the mouse (Facucho-Oliveira et al. 2007 ). This temporary arrest in mitochondrial replication, despite a near exponential increase in the number of cells, underlines why the number of functional mitochondria present in a mature oocyte is of critical importance for subsequent developmental competence (May-Panloup et al. 2007) .
The combination of advancing maternal age and IVP has been reported to negatively influence mtDNA copy number in oocytes and embryos. For example, maturation of oocytes from young (21-89 months) bovine donors resulted in a mean increase in mitochondrial copy number and ATP content, whereas maturation of oocytes from 'aged' (.89 months) bovine donors led to a decrease in both parameters (Iwata et al. 2011) . Similarly in vitro maturation (IVM) of oocytes retrieved from older mares ($12 years) led to a significant decrease in mitochondrial copy number that was not seen in younger mares (,12 years; Rambags et al. 2014) .
Advancing maternal age and IVP have both been reported to induce alterations in mitochondrial function that can result in mitochondrial damage (Wilding et al. 2001; Wang et al. 2009 ). This manifests as a decrease in mtDNA copy number, a reduction in mitochondrial gene expression and an increased production of ROS within embryonic cells (Giritharan et al. 2007 (Giritharan et al. , 2010 . Changes in mtDNA quantity can also result in alterations in the expression of genes involved in various aspects of the mitochondrial replication process, such as mitochondrial transcription factor (TFAM; Facucho-Oliveira et al. 2007) , mtDNA polymerase g subunit B (mtPOLB) and mitochondrial singlestranded DNA-binding protein (SSB; St. John et al. 2010) . Expression of these genes is normally upregulated when mtDNA replication is reactivated (Pikó and Taylor 1987; May-Panloup et al. 2005b; Thundathil et al. 2005; Spikings et al. 2007) . Glutathione peroxidase (GPX) and ATP synthase (ATP synthase-coupling factor 6, mitochondrial-like (ATPsynth_F6)) are enzymes involved in balancing the generation and decomposition of ROS (Ufer and Wang 2011) to help prevent ROS levels reaching a point likely to induce oxidative damage. Increased expression of ATP-synth_F6 has been described in oocytes collected from women .35 years, and in embryonic cells during IVP (Wang et al. 2009 ).
The aim of the present study was to determine whether advancing maternal age and IVP induce changes at the level of mitochondrial number and function in horse oocytes that may underlie reduced developmental competence. To this end we examined the effects of maternal age and IVP on mtDNA copy number and the expression of genes involved in mitochondrial replication (TFAM, mtPOLB, SSB) . Mitochondrial function was evaluated by measuring total oocyte ATP content and the expression of genes involved in energy production (ATPsynth_F6) and oxygen free radical scavenging (GPX3).
Materials and methods
Collection of cumulus-oocyte complexes Ovaries were collected from 101 mares immediately after they had been killed and were divided into two groups based on donor mare age, namely younger (,12 years) or older ($12 years), which was determined on the basis of the date of birth recorded in the mare's passport. The ovaries were transported to the laboratory at 308C in a thermos flask and processed within 4 h postmortem. Cumulus-oocyte complexes (COCs) were collected as described previously (Tharasanit et al. 2006) . Only oocytes with a complete multilayered cumulus investment (Hinrichs et al. 1993) were selected and maintained in HEPESbuffered M199 (GIBCO BRL Life Technologies; Bleiswijk, The Netherlands) supplemented with 0.014% (w/v) bovine serum albumin (BSA; Sigma-Aldrich Chemicals, Zwijndrecht, The Netherlands). For each mare age group, the COCs recovered were divided randomly into two groups. In the first group (not-IVM), oocytes were immediately denuded by vortexing for 4 min in calcium-and magnesium-free Earle's balanced salt solution (EBSS; GIBCO BRL Life Technologies) containing 0.25% (v/v) trypsin-EDTA (GIBCO BRL Life Technologies); removal of all cumulus cells was confirmed by microscopic examination. The denuded oocytes were washed twice in phosphate-buffered saline (PBS; Sigma-Aldrich Chemicals) containing 0.1% (w/v) polyvinyl alcohol (PVA; Sigma-Aldrich Chemicals) and placed individually in 10 mL lysis buffer (RLT þ b-mercaptoethanol; Qiagen, Venlo, The Netherlands) in a 0.5-mL Eppendorf tube, snap-frozen and stored at À808C until further processing (ATP measurement or DNA and RNA extraction). For the second group (IVM), COCs were incubated in groups of four to five for 30 h in 500 mL maturation medium consisting of M199 (GIBCO BRL Life Technologies) supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS; GIBCO BRL Life Technologies), 0.01 units mL À1 porcine FSH and 0.01 units mL À1 LH (Sigma-Aldrich Chemicals) in fourwell plates (Nunc, Roskilde, Denmark) at 38.78C in a humidified atmosphere of 5% CO 2 in air. After incubation, only the fully expanded COCs were transferred to EBSS containing 0.25% (v/v) trypsin-EDTA (GIBCO BRL Life Technologies) and denuded by vortexing for 4 min. The completely denuded oocytes were further processed as for Group 1 and stored at À808C until ATP quantification or DNA and RNA extraction.
Embryo collection
Ten Dutch warmblood mares (age 4-22 years) were used to recover embryos on Day 7 after ovulation. All animal procedures were approved by Utrecht University's Institutional Animal Care and Use Committee (DEC 2007.III.02.036) . During oestrus, the ovaries and uteri of the mares were examined daily by transrectal palpation and ultrasonography using a MyLab Five ultrasound machine (Esaote Pie Medical, Maastricht, The Netherlands) equipped with a 7.5-MHz linear array transducer. Once the dominant follicle exceeded 35 mm in diameter, ovulation was induced with intravenous injection of 1500 IU hCG (Chorulon; Intervet, Boxmeer, The Netherlands) and the mare was inseminated with .500 million motile spermatozoa from a single fertile stallion. Embryos were collected by non-surgical uterine lavage using three flushes with 1 L prewarmed (378C) lactated Ringer's solution (LRS; Baxter, Lessines, Belgium) supplemented with 0.5% FCS (Greiner BioOne, Alphen aan den Rijn, The Netherlands). Eight embryos each were recovered from younger (,12 years; average age 6.87 years, range 4-11 years) and older (.16 years; average age 19.25 years, range 17-22 years) mares. Embryos were washed 10 times with LRS to remove maternal cells and residual FCS before assessment under a dissecting microscope (SZ60; Olympus, Zoeterwoude, The Netherlands). Embryos were classified according to developmental stage (morula, early blastocyst or expanded blastocyst) and quality (1-4, good to degenerate), as described previously (Tremoleda et al. 2003) , and their diameter was measured using a calibrated eyepiece micrometer. The embryos were then transferred with 10 mL LRS into 0.5-mL Eppendorf tubes, snap frozen in liquid nitrogen and stored at À808C until DNA and RNA extraction.
Eight in vitro embryos were produced as described by Galli et al. (2001) , with minor modifications. Briefly, COCs recovered from the ovaries of mares of mixed breed and unknown age that had been killed were subjected to IVM by incubating for 22-24 h in Dulbecco's modified Eagle's medium (DMEM)-F12 containing 10% serum replacement (SR; GIBCO BRL Life Technologies), ITS supplement (1.0 mg mL À1 insulin, 0.55 mg mL À1 transferrin, 0.5 mg mL À1 sodium selenite; Sigma-Aldrich Chemicals), 1 mM sodium pyruvate, 50 ng mL À1 epidermal growth factor (Sigma-Aldrich Chemicals), and 0.1 IU LH and FSH (Pergovet, Serono, Italy). Next, oocytes were denuded and returned to maturation medium for a further 2-4 h (i.e. up to 26 h maximum IVM). Thirty-two oocytes with an extruded first polar body were then fertilised by intracytoplasmic sperm injection (ICSI) with spermatozoa selected by Redigrad (Amersham Biosciences, Uppsala, Sweden) density gradient centrifugation. Sperm injection was performed using a Piezo-driven unit (PrimeTech, Tsuchiura-shi, Japan) fixed on a micromanipulator equipped with a 378C heated stage. Oocytes were held with the polar body oriented at the 6-or 12-o'clock position using a holding pipette with an inner diameter of 50 mm and outer diameter of 150 mm and injected with a blunt-ended needle with an inner diameter of 5 mm. Only motile spermatozoa were selected for ICSI and immobilised by two or three Piezo pulses before injection. The resulting presumptive zygotes were cultured in synthetic oviductal fluid (SOF) supplemented with minimum essential medium (MEM) essential and non-essential amino acids, glutamine and BSA and examined for cleavage on Day 2 after injection; those showing development to the 2-cell stage or more (26/32; 81.25%) were cultured in vitro for an additional 6 days, with the culture medium refreshed on Days 4 and 6 (Galli et al. 2007 ). On Day 8 of development, eight of the 12 resulting embryos (12/32; 37.5%) were washed twice in PBS containing 0.1% polyvinyl alcohol (PVA; Sigma-Aldrich Chemicals) and transferred individually to DNase-RNase-free tubes in RLT buffer (Qiagen, Milan, Italy), snap-frozen in liquid nitrogen and stored at À808C.
RNA and gDNA extraction and cDNA synthesis Total RNA and genomic (g) DNA were extracted from groups of pooled oocytes (nine per group) and from individual embryos in 350 or 600 mL RLT buffer, respectively, using an AllPrep DNA/ RNA/Protein Mini Kit and subjected to on-column DNase I digestion using an RNase-Free DNase Set (both from Qiagen), as described previously (Paris et al. 2011) . DNA was eluted in 50 mL elution buffer (Qiagen). RNA was eluted in 35 mL RNasefree water (Qiagen) and then transcribed into cDNA. For conventional polymerase chain reaction (PCR), the total reaction volume was 25 mL, containing 1 mL cDNA, 1Â PCR buffer, 2 mM MgCl 2 , 0.2 mM dNTPs (Promega, Madison, WI, USA), 0.5 mM forward primer, 0.5 mM reverse primer and 0.625 U HotStarTaq DNA polymerase (all Qiagen, except dNTPs). The PCR cycle conditions consisted of 15 min at 958C, followed by 35 cycles of 30 s at 948C, 30 s at the primer-specific annealing temperature (Table 1) and 1 min at 728C, with a final extension for 10 min at 728C. Products were visualised on 1% agarose gels. If suitable for PCR amplification and free of gDNA contamination, both þRT (with RT) and -RT (without RT) cDNA samples were diluted 1 : 9 and frozen at À208C until further quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis.
DNA quantification
Total cell number was estimated by quantifying total gDNA with a Quant-iT PicoGreen dsDNA assay kit (Molecular Probes, Invitrogen, Eugene, OR, USA). A standard curve ranging from 25 ng mL À1 to 2.5 pg mL À1 was created via a 1 : 9 dilution series. Briefly, 50 mL Pico Green reagent was mixed with 9.95 mL TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5), and 40 mL was added to 20 mL sample (standard curve or embryo extract) per well in a FLUOTRAC 600 96-well microplate (Greiner Bio-One, Frickenhausen, Germany). During preparation and plate setup, the materials were protected from light. Fluorescence was measured using a multimode detector (Beckman Coulter DTX 880; Beckman, Woerden, The Netherlands) and the Fluorescein Top Read software program for Anthos Multimode detectors (Anthos Microsystem, Krefeld, Germany).
qRT-PCR Primers for the TFAM, mtPOLB, SSB, ATP-synth_F6 and GPX3 genes were optimised and tested for specificity using an iQ5 RTqPCR Detection System with iQ5 Optical System Software v2.0 (Table 1 ; BioRad, Hercules, CA, USA); equine kidney served as the positive control tissue.
One hundred and sixty-five oocytes were recovered from younger mares (,12 years) and 170 were recovered from older mares ($12 years). Seventy-seven oocytes from younger mares and 92 oocytes from older mares were analysed directly after harvesting from follicles, whereas 88 from younger mares and 78 from older mares were subjected to IVM before analysis. The same oocytes and embryos were used to study mtDNA copy number and to examine the relative expression of genes associated with mitochondrial replication or function.
Quantitative real-time PCR was performed separately for oocytes and embryos, but using the same equipment, settings and software described by Paris et al. (2011) . The total reaction volume was 25 mL per well, and included 1Â iQ5 SYBR Green Supermix (BioRad), 0.5 mM forward primer and 0.5 mM reverse primer (Ocimum Biosolutions, IJsselstein, The Netherlands). Each well included 10 mL standard or sample, and the following were included in the final plates: (1) standard curve: 100 fg-6.4 ag fivefold dilution series (n ¼ 7); (2) 1 : 9 diluted sample cDNA (pooled oocytes n ¼ 24; embryos n ¼ 24); (3) 1 : 9 diluted -RT sample (pooled oocytes n ¼ 24; embryos n ¼ 24); and (4) DNase and RNase-free water (Invitrogen) as a no-template control.
All samples except the -RT samples were run as duplicates. Both frozen-validated and freshly prepared standards were included on each plate. Because of space limitations, -RT samples for the embryos were run on a separate plate in a subsequent run on the same day but using identical standards. The PCR cycle conditions consisted of 4.5 min at 958C followed by 40 cycles of 15 s at 958C, 30 s at optimal annealing temperature (T A ; Table 1 ) and 30 s at 728C, during which fluorescence was acquired, followed by a melting curve protocol consisting of 1 min at 958C, 1 min at optimal T A , then 10 s at optimal T A increasing to 958C by 0.58 per cycle during which a second round of fluorescence was acquired. Baseline and threshold (,100 relative fluorescence units (RFU)) were manually adjusted and samples with non-uniform or failed amplification, primer dimers or with amplified products in the corresponding -RT sample were excluded from further analysis for all genes (only 12 samples in total from all the reactions for gene expression and mtDNA quantification). Raw gene expression data from nonmatured pooled oocytes and embryos obtained from younger mares was set at 1, and the results of the other groups were expressed relative to these values. Relative gene expression was calculated using iQ5 Optical Software v2.0 (BioRad, Hercules, CA, USA). The relative expression of all genes of interest was then normalised using three stable reference genes (phosphoglycerate kinase 1 (PGK1), ribosomal protein L4 (RPL4) and signal recognition particle 14kDa (SRP14)) previously identified to be suitable for early equine embryos (Paris et al. 2011) .
For mtDNA quantification, DNA was used from pooled groups of oocytes and individual embryos. The same protocol was used as for cDNA quantification, and all samples were amplified on one plate using the same plate setup as above. The PCR product length for mtDNA is 118 bp, which is equivalent to 1.21 Â 10 À4 fg and represents 1 mtDNA copy. Therefore, mtDNA copy number was calculated by dividing the starting quantity (i.e. absolute quantity in fg measured during the amplification process) by 1.21 Â 10 À4 .
Analysis of ATP quantity
The ATP content was determined using an ATP-dependent luciferin-luciferase bioluminescence assay (ATP Bioluminescent Somatic Cell Assay Kit; Sigma-Aldrich) as described by Van Blerkom et al. (1995) . After removal of any adherent cumulus cells, zona-intact oocytes were frozen at À808C in 200 mL ultrapure water. They were subsequently thawed immediately before the automated addition of the luciferinluciferase mixture. A standard curve containing 11 ATP concentrations ranging from 10 fmol to 10 pmol was generated for each analysis. Oocytes from the different experimental groups were analysed simultaneously on a single 96-well plate (all samples on one plate). Measurements were repeated five times within 10 min and the mean values of these five measurements were used for statistical analysis.
Statistical analysis
Data were analysed using SPSS 16.0 for Windows (SPSS Inc., Chicago, IL, USA). For gene expression, the effects of maternal age, IVM (oocytes) and IVP (embryos) were analysed using one-way ANOVA, followed by a post-hoc Bonferroni test to determine the source of any differences. Data for mtDNA (mtDNA copy number and mtDNA : DNA ratio) and for ATP quantity were log 10 transformed before analysis to achieve equivalence of variance. After transformation, data were analysed using univariate analysis. Differences were considered significant at two-tailed P , 0.05.
Results

mtDNA copy number
The eight Day 7 embryos recovered from younger and older mares were all Grade 1-2 and ranged in developmental stage from the morula to the expanded blastocyst stage, and in size from 150 to 800 mm in diameter (younger mares: two early blastocysts, six expanded blastocysts; older mares, two morulae, three early blastocysts, three expanded blastocysts). The eight Day 8 IVP embryos were all early blastocysts. The gDNA quantity (an indicator of cell number) did not differ significantly among embryos retrieved from younger mares, older mares or those produced in vitro (Fig. 1) . In contrast, there was considerable variation in mtDNA copy number among groups. Indeed, both mtDNA copy number per embryo and the ratio of mtDNA : total DNA (i.e. corrected for approximate cell number) were significantly (P , 0.05) lower in embryos recovered from older (. , respectively) or produced in vitro (7.64 Â 10 6 AE 3.13 Â 10 6 and 0.95 Â 10 À2 AE 0.51 Â 10
À2
, respectively; Fig. 2 ).
Expression of genes involved in mitochondrial replication or function All -RT cDNA samples were free of gDNA contamination. The PCR products for each primer pair were of the expected size when examined by agarose gel electrophoresis (Fig. 3) and DNA sequencing confirmed that the products were specific to the target genes (data not shown). Evaluation of the stability of gene expression for PGK1, RPL4 and SRP14 in the pooled oocyte groups, using geNorm v3.5 (Biogazelle NV, Zwijnaarde, Belgium), confirmed that they were suitable for use as reference genes (gene expression stability measure (M) values of 0.94, 1.40 and 0.96, respectively). Most oocytes or embryos contained detectable quantities of mRNA for the genes of interest. The notable exception was GPX3, for which expression was below the detection limit in 30 of the 48 pooled oocyte samples. However, there was no group effect or bias in that 6-8 of the 12 samples were below the detection limit in all four groups examined. For mtPOLB, mRNA expression was undetectable in one IVP embryo and one embryo from an older mare, such that there was also no group or treatment bias. For the purposes of statistical analysis, samples with gene expression values under the detection limit were assigned a value of 0.
Normalised relative gene expression for TFAM, mtPOLB and ATP-synth_F6 was lower in oocytes after IVM than in oocytes that had not been cultured (P , 0.05; Fig. 4b ), although the differences were not statistically significant for TFAM and ATPsynth_F6 in young mare oocytes. Relative expression of the five target genes in embryos was unaffected by maternal age. However, IVP embryos showed higher expression of mtPOLB than in vivo embryos (P ¼ 0.013), whereas their expression of GPX3 tended (P ¼ 0.09) to be lower than in in vivo embryos from young mares (Fig. 5e) . 
GPX3
ATP-synth_F6 TFAM mtPOLB SSB 100 BP ladder 200 100 300 400 100 BP ladder Fig. 3 . Amplified products of glutathione peroxidase 3 (GPX3), ATP synthase-coupling factor 6, mitochondrial-like (ATP-synth_F6), mitochondrial transcription factor (TFAM ), mtDNA polymerase g subunit B (mtPOLB) and mitochondrial single-stranded DNA-binding protein (SSB) separated on a 2% agarose gel in parallel with a 100-bp DNA ladder and visualised by ethidium bromide staining. Products were of the expected size (GPX3, 289 bp; ATP-synth_F6, 148 bp; TFAM, 170 bp; mtPOLB, 155 bp; SSB, 167 bp). for genes involved in mitochondrial replication, namely mitochondrial transcription factor (TFAM), mtDNA polymerase g subunit B (mtPOLB) and mitochondrial single-stranded DNA-binding protein (SSB), and function, namely glutathione peroxidase 3 (GPX3) and ATP synthase-coupling factor 6, mitochondrial-like (ATP-synth_F6), in pooled equine oocytes obtained from younger mares (,12 years) and older mares ($12 years) that were either matured in vitro (IVM) or not matured (not-IVM). The expression of most genes was detectable in all oocyte pools in each treatment group with the exception of GPX3, for which only a few oocyte pools per group yielded a product. Columns with different letters differ significantly (P , 0.05). 
TFAM
ATP quantity
The effect of maternal age on metabolic capacity of oocytes during IVM was evaluated by measuring ATP quantity in oocytes before and after IVM. The mean ATP quantity before IVM was 40.5 AE 7.3 pmol per oocyte in oocytes from older mares and 57.6 AE 9.1 pmol per oocyte in those from younger mares. ATP quantities did not change significantly after oocyte maturation and did not differ significantly between the two mare age groups (Fig. 6 ).
Discussion
Equine oocytes contain an average of more than one million mtDNA copies (Rambags et al. 2014) and, presumably, a similar number of mitochondria. During early development, the mitochondria in a blastomere are distributed sequentially over the newly formed daughter cells, leading to falling numbers of mitochondria per cell until replication is restarted (i.e. at the time of gastrulation in the mouse (Facucho-Oliveira et al. 2007) and at blastocyst formation in cattle and pigs (May-Panloup et al. 2005b; Spikings et al. 2007) ).
In the present study, embryos collected from older mares on Day 7 after ovulation contained significantly fewer mtDNA copies than those from younger mares. The mtDNA : gDNA ratio in older mares was also lower, indicating that there were also fewer mitochondria per cell. IVP embryos showed an intermediate mtDNA copy number that could reflect, at least in part, their generation from oocytes recovered from mares of unknown, but presumably mixed, age. The reduced mtDNA copy number per embryo (and cell) in aged mares could arise in one of at least three different ways: (1) a lower number of mitochondria at the onset of development, as suggested by a reduced mtDNA content in oocytes from mares $12 years after IVM (Rambags et al. 2014) ; (2) a delay in the onset of mitochondrial replication or a reduced replication rate; or (3) a higher rate of mitochondrial deterioration induced, for example, by oxidative stress. In this respect, various genes involved in mitochondrial replication and mtDNA maintenance, namely TFAM, mtPOLB and SSB (Facucho-Oliveira et al. 2007; St. John et al. 2010) , were not differently expressed between embryos from younger versus older mares in the present study. The relative gene expression of GPX3 (a key factor in neutralising the effects of ROS; Eichenlaub-Ritter et al. 2011) was also not significantly affected by maternal age.
The relative mRNA abundance of TFAM and mtPOLB, both of which are enzymes involved in mitochondrial replication, decreased after IVM of equine oocytes. A similar general trend was observed for all target genes examined and may explain, in part, why mtDNA copy numbers have been reported not to increase during IVM of equine oocytes (Rambags et al. 2014) . A decrease in relative gene expression for TFAM and mtPOLB after oocyte maturation has previously been reported for porcine and murine oocytes Mahrous et al. 2012) and related to the arrest in mitochondrial replication that is observed during early embryonic development. However, the absolute reduction in mtDNA copy number in oocytes of mares $12 years after IVM observed by Rambags et al. (2014) was thought to be a factor of mitochondrial deterioration, as indicated by electron microscopic evidence of mitochondrial swelling and disintegration.
Expression of genes associated with mitochondrial replication or function differed little between embryos of differing origins (older mares, younger mares, IVP). The only verifiable difference was an increase in mtPOLB expression in IVP compared with in vivo embryos. mtPOLB is primarily involved in mtDNA maintenance, by mediating replication, recombination and repair (St. John et al. 2010) . This increase may therefore indicate a response to a suboptimal environment (in vitro culture) aimed at maintaining sufficient mtDNA and mitochondria to safeguard embryonic development. Under suboptimal conditions, ROS production is likely to be higher, resulting in an increased risk of mtDNA damage; an increase in mtPOLB expression could therefore be a reaction to mitigate mtDNA damage (Takahashi 2012; Giritharan et al. 2007) .
Expression of GPX3 is associated with the protection of mitochondria against their own potentially toxic by-products, namely ROS, which GPX3 can neutralise (Guérin et al. 2001; Eichenlaub-Ritter et al. 2011) . Reduced GPX3 expression can result from elevated production of ROS and is associated with an increased risk of damage to mitochondrial and nuclear DNA, which can lead to developmental retardation and arrest (Takahashi 2012) . Although there were no significant differences in GPX3 expression in oocytes recovered from younger versus older mares, and no significant effect of in vitro oocyte maturation on GPX3 expression, relative gene expression for GPX3 was approximately halved after IVM. It is therefore possible that there was a fall in ROS-scavenging capacity within oocytes during IVM that failed to reach statistical significance because of the low number of oocyte pools examined. Alternatively, the apparent decrease in gene expression may be a more general phenomenon, given that the abundance of all other target mRNAs roughly halved during IVM. It is also possible that ROS-scavenging activity is not a function of the oocyte alone, because an effect of IVM on GPX3 expression has been recorded in the surrounding cumulus cells (Luciano et al. 2006) . Future studies examining ROS-scavenging activity during oocyte maturation should therefore encompass both the oocyte and its cumulus investment. The trend to reduced GPX3 gene expression in IVP equine embryos may have similar implications for the prevention of ROS accumulation, and could therefore contribute to the elevated levels of apoptosis and DNA damage seen in equine IVP compared with in vivo embryos (Tremoleda et al. 2003; Pomar et al. 2005) .
Relative expression of ATP-synth_F6 mRNA was reduced in oocytes from older mares after IVM. However, this was not reflected by a reduction in the ATP content of aged mare oocytes following IVM. ATP-synth_F6 is involved in ATP production via the electron transport system; however, oocyte maturation, both in vivo and in vitro, takes place in a hypoxic environment. This may promote ATP production via glycolysis rather than via oxidative phosphorylation and the electron transport system (Leese et al. 2008; Ramalho-Santos et al. 2009 ). During blastocyst formation, embryos are thought to become more dependent on oxygen consumption for the production of energy from mitochondria (Houghton and Leese 2004) and reduced ATPsynth_F6 expression at this stage may therefore be detrimental. In the present study, we did not find any evidence of a difference in ATP-synth_F6 expression between Day 7 embryos produced in vitro or recovered from mares ,12 or .16 years.
In conclusion, Day 7 equine embryos recovered from older mares have lower mitochondrial DNA copy numbers than Day 7 embryos recovered from younger mares; this seems to be independent of any change in the rate of development because the mtDNA : gDNA ratio (i.e. corrected for cell number) is also reduced. This reduction in the number of mtDNA copies per cell may push the cells in some developing embryos below the threshold number required for normal development and thereby contribute to compromised cell survival and, as a result, reduced embryo developmental competence. This rationale has been used previously to propose treatments to improve the developmental capacity of oocytes from aged females undergoing fertilisation by ICSI, namely using the transfer of cytoplasm containing 'high-quality mitochondria' from a young oocyte (for a review, see Chappel 2013) .
Two genes were found to be differentially expressed in IVP compared with in vivo embryos, namely mtPOLGB and GPX3. This suggests that some of the detrimental effects of present in vitro culture procedures on developmental competence (as evidenced by higher rates of early pregnancy loss than after fertilisation in vivo; Carnevale et al. 2005; Alexopoulos et al. 2008; Giritharan et al. 2010 ) may be mediated via effects on mitochondrial replication, repair or ability to resist the effects of ROS. In addition, IVM led to a generalised reduction in the expression of genes involved in mitochondrial replication and function, irrespective of maternal age. However, because these comparisons have not yet been performed on oocytes matured in vivo, it is not possible to determine whether this is an effect of IVM or inherent to the oocyte maturation process.
